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ABSTRACT The lineage relationships between murine
CD81 T cells with different cytokine profiles were investigated by
paired-daughter analysis in the presence and absence of the type
2 cytokine-inducing stimulus, interleukin 4 (IL-4). Single CD81

CD44low lymph node T cells were activated to divide at high
frequency with IL-2 and immobilized antibodies to CD3, CD8,
and LFA-1. When these parent cells were subcloned by trans-
ferring their daughter or granddaughter cells into secondary
cultures with or without IL-4, the subclones expressed diverse
combinations of the mRNAs for the type 1 cytokines, interferon
g (IFN-g), and IL-2, and the type 2 cytokines, IL-4, IL-5, IL-6,
and IL-10. Frequencies of subclones that expressed IL-4, IL-6,
and, to a lesser extent, IL-2, IL-5, and IL-10 were higher among
those grown with IL-4, but a significant proportion of those
grown without exogenous IL-4 also expressed one or more type
2 cytokines. Subclones within 89% of families displayed different
cytokine profiles, indicating that their parent cells were multi-
potential for this function. Because 98% of parent cells yielded
subclones that produced type 1 cytokines and 77% yielded type
2 cytokine producers, we conclude that type 1 and type 2
cytokine-producing CD81 T cells can be derived from a common
precursor. Similar analyses performed by subcloning after >7
or>13 cell divisions without IL-4 showed that many CD81 T cells
retained the potential to shift toward a type 2 cytokine profile in
response to IL-4, even after prolonged expansion under condi-
tions that favored type 1 cytokine expression. CD81 T cells that
express type 1 andyor type 2 cytokines therefore are derived from
the same peripheral T cell lineage whose multipotentiality can
persist through many cell divisions.

Activated murine CD41 T cells can synthesize many different
combinations of cytokines. Both in vitro and in vivo, CD41 T cell
populations can be polarized toward the preferential synthesis of
type 1 cytokines, such as interleukin 2 (IL-2) and interferon g
(IFN-g), or type 2 cytokines, such as IL-4, IL-5, IL-6, and IL-10
(1, 2). Because clones with different profiles can be derived from
a single CD41 T cell (3, 4), the acquisition of a certain cytokine
profile apparently occurs by differentiation of uncommitted
peripheral T cells after activation in the presence of polarizing
stimuli (1, 2). The best characterized of these stimuli are IL-12 for
the type 1 pathway and IL-4 for the type 2 pathway.

The situation is less clear for murine CD81 T cells. Recent
work in several laboratories has shown that normal CD81 T cell
populations can synthesize type 2 cytokines when cultured with
IL-4 (5–8). However, in most immune reactions where CD81 T
cells are activated, such as alloreactive and antiviral responses, the
responding CD81 cells and clones derived from them preferen-
tially express IFN-g (9–11); although examples of in vivo-

activated CD81 type 2 cytokine producers have been reported
(12–15), these remain the exception. Even CD81 T cells from
mice continuously exposed to IL-4 by transgenic overexpression
(16) or undergoing a type 2-polarized CD41 T cell response (ref.
17; A. G. Doyle and A.K., unpublished observations) preferen-
tially display a type 1 cytokine profile. This discrepancy between
the in vitro potential of CD81 T cell populations and their usual
behavior in vivo raises the possibility that type 2 cytokine-
producing CD81 T cells are derived from a distinct and minor
peripheral T cell lineage, which can be expanded in response to
IL-4 in vitro, but is not responsible for the dominant CD81 T cell
response to common class I-dependent immunogens in vivo.
Previous studies have not distinguished whether CD81 type 2
cytokine producers arise from the same precursors as the con-
ventional type 1 cytokine producers.

Here we describe the resolution of this issue using paired-
daughter analysis. This experimental approach has been used by
others, for example, to determine lineage relationships between
blood cell types and to distinguish differentiative and proliferative
actions of cytokines (18, 19). We have used a culture system in
which the combination of immobilized antibodies to CD3«, CD8,
and LFA-1 with IL-2 stimulates clone formation by up to 75% of
single CD81 T cells in the absence of accessory cells (20, 21).
These conditions induce synthesis of IL-2, IL-3, IFN-g, granulo-
cyte-macrophage colony stimulating factor, and tumor necrosis
factor-a mRNA andyor protein without detectable IL-4 or IL-6
in bulk and clonal cultures (20). Inclusion of IL-4 induces the
additional production of IL-4, IL-5, IL-6, and IL-10 mRNA and
protein in bulk cultures (unpublished observations). The high
cloning efficiency, IL-4 responsiveness, and accessory cell inde-
pendence of this system enabled its use to assess whether paired
progeny of individual CD81 T cells could form clones with
different cytokine profiles in the presence and absence of IL-4, or
whether IL-4 selectively expanded a distinct subset of CD81 T
cells. We show here that most clonogenic CD81 T cells are
multipotential in their cytokine profiles for two or, in some cases,
many divisions after primary activation, and that type 2 cytokine-
producing CD81 cells do not represent a distinct lineage.

MATERIALS AND METHODS
T Cell Preparation. Specific pathogen-free female C57BLy6

mice were obtained from the Animal Resources Centre (West-
ern Australia) and used at 6–8 weeks of age. Cell suspensions
from brachial, axillary, inguinal, and para-aortic lymph nodes
were stained with fluoresceinated anti-CD8 (53.6; Becton
Dickinson) and biotinylated anti-CD44 (IM7; PharMingen)
mAb followed by phycoerythrin-conjugated streptavidin
(Caltag Laboratories, South San Francisco, CA) then resus-
pended with propidium iodide. Using a fluorescence-activated
cell sorter (FACS Vantage with LYSIS II software; Becton
Dickinson), single viable cells selected for propidium iodideThe publication costs of this article were defrayed in part by page charge
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exclusion, forward and side scatter properties of small lym-
phocytes, expression of CD8 and low expression of CD44
(lowest 30% of distribution) were deposited into culture wells
using an automated cell deposition unit attached to the FACS.

T Cell Cloning and Subcloning. All cultures were performed
in supplemented DMEM (21) with 12.5% fetal calf serum in
the wells of mAb-coated plates. For cultures of 2–5 days,
Terasaki microwells (Nunc) were incubated with purified mAb
to CD3« (145–2C11; 10 mgyml), CD8 (53.6; 10 mgyml), and
LFA-1 (I21y7.7; 5 mgyml), washed and the diluent replaced
with 15 ml of medium containing 600 IUyml of recombinant
human IL-2 (Cetus) (20). Where clones were to be expanded
for 7 days, single CD81 CD44low T cells were deposited into
flat-bottomed 96-well plates coated with mAb as above and
containing 200 ml of medium and IL-2. Cultures were checked
microscopically for viable cells, and, where the parent cells had
divided one or more times, individual cells were transferred by
micromanipulation into new Terasaki wells coated with the
same mAb as above; at least one cell was cultured with IL-2 as
above and one with IL-2 plus 100 unitsyml of IL-4 [supernatant
of Sf9 cells infected with murine IL-4 cDNA-containing bac-
ulovirus (22), depleted of IL-4 cDNA and RNA by ultrafil-
tration]. One unityml of IL-4 activity was defined as the
amount stimulating half-maximal proliferation of the IL-4-
dependent cell line CT.4S (22). After 3–5 days’ incubation,
secondary cultures were checked microscopically for the pres-
ence of subclones and their size counted.

RNA Extraction and Cytokine mRNA Analysis by Reverse
Transcription–PCR (RT-PCR). Subclones were lysed in situ
with guanidine thiocyanate (20) or Nonidet P-40 (23) then
transferred to microfuge tubes. Subsequent steps in RNA
extraction, reverse transcription, and cDNA amplification by
two nested rounds of 35-cycle PCR were performed as de-
scribed (20, 24, 25) with the following external (ex) and
internal (in) intron-spanning primer pairs (59 then 39): b-actin,
ex GACATGGAGAAGATCTGGCA, GGTCTTTACG-
GATGTCAACG, in CCCAGATCATGTTTGAGACCTTC,
GCTCGTTGCCAATAGTGATGA; CD3«, ex TGCGTCCG-
CCATCTTGGTAGA, CGCTCCTTGTTTTGCCCTCTG, in
CTGAGAGGATGCGGTGGAACA, GACCATCAGCAA-
GCCCAGAGT; IFN-g, ex CATGAAAATCCTGCAGAG-
CC, GGACAATCTCTTCCCCACCC, in CCTCAGACTCT-
TTGAAGTCT, CAGCGACTCCTTTTCCGCTT; IL-2, ex
CAGCTCGCATCCTGTGTCAC, AAGGCTATCCATCTC-
CTCAG, in GTGCTCCTTGTCAACAGCGC, AGAACAT-
GCCGCAGAGGTCCA; IL-4, ex TCTTTCTCGAATGTAC-
CAGG, CATGGTGGCTCAGTACTACG, in CACTTGAG-
AGAGATCATCGG, GGCTTTCCAGGAAGTCTTTCA;
IL-5, ex TTGACAAGCAATGAGACGAT, GGCTACATT-
ACCAGTTTGAG, in TAATAAAGAAATACATTGACC-
GCC, ACACTTTGCATATATGGACATAGAT; IL-6, ex
TGCTGGTGACAACCACGGCC, GTACTCCAGAAGAC-
CAGAGG, in GAGGATACCACTCCCAACAG, CCAGTT-

TGGTAGCATCCATCA; and IL-10, ex CCAAAGCCACA-
AAGCAGCCT, GCTCTGTCTAGGTCCTG, in AGAGAG-
CTCCATCATGCCTG, CTCAATACACACTGCAGGTG.

Amplifications were performed in a single reaction for b-actin,
IFN-g, and IL-4, and for b-actin, IL-2, and IL-6. IL-5, IL-10, and
CD3« were amplified in separate reactions. PCR products were
separated by gel electrophoresis, visualized with ethidium bro-
mide, and identified by Southern hybridization (20). Cytokine
and CD3« PCR products of correct size were not detected if
reverse transcription was omitted. All PCR runs included a
titration of cloned b-actin and cytokine cDNAs to monitor cDNA
sensitivity (at least 10216 g) and at least 10 negative control
samples to which cDNA was not added, as shown elsewhere (25).
No PCR products were detected in any negative control samples.
IL-4 PCR products were not detected when the filtered rIL-4
source was used as a template with or without reverse transcrip-
tion in amounts up to 100-fold higher than those added to culture.
The frequency of successful RNA extraction from small cell
numbers was improved by use of Nonidet P-40 lysis (experiments
3 and 4 in Table 1) instead of guanidine thiocyanate lysis and
phenol-chloroform extraction (experiments 1 and 2). Because
genomic DNA was not removed by the Nonidet P-40 method and
contained pseudogenes that could yield a b-actin PCR product of
the same size as that from mRNA, samples obtained by this
method were assayed for CD3« mRNA; 100% yielded a CD3«
PCR product of the correct size to be encoded by mRNA.

RESULTS
Multipotentiality of CD81 T Cells Assessed by Paired-

Daughter Analysis After One or Two Cell Divisions. Single CD81

T cells were enriched for naive cells based on small size and low
CD44 expression (26, 27) and cultured in anti-receptor antibody-
coated wells with IL-2 for 40–48 hr. At this stage, an average of
66% of cells had survived, and, of these, 87% had divided at least
once (Table 1). Individual daughter or granddaughter cells from
clones of 2–4 cells were transferred into new anti-receptor
antibody-coated wells containing IL-2 or IL-2 1 IL-4. Up to 95%
of transferred cells recloned, suggesting that T cell receptor
ligation did not cause activation-induced death at this stage. Both
recloning efficiencies and subclone size were '2-fold higher in
the presence of anti-receptor antibodies and IL-2 6 IL-4 than in
the cytokines alone (data not shown). After 3–5 days’ incubation
of secondary cultures, RNA was extracted from subclones in
those families in which cells recloned successfully in both IL-2 and
IL-2 1 IL-4. The presence of b-actin, CD3«, and cytokine
mRNAs was assayed by RT-PCR and Southern hybridization
using conditions shown to detect cytokine transcripts in single
activated T cells (24, 25). Previous studies showed that immobi-
lized anti-receptor antibodies remain stimulatory for at least 7
days at 37°C and that cytokine expression continues in bulk and
clonal T cell cultures over the same period (20, 21). Two
independent sets of PCR amplifications from the 109 cDNA
samples in experiment 1 yielded results that were 90% identical;

Table 1. Efficiencies of CD81 CD44low LN T cell cloning and cytokine mRNA detection among subclones

Parameter Experiment 1 Experiment 2 Experiment 3 Experiment 4

Primary cultures
No. parent cells cultured 480 480 180 300
% cultures with $1 cell at day 2 72% 75% 59% 58%
% cultures with $2 cells at day 2 69% 62% 46% 52%

Secondary cultures IL-2 IL-2 1 IL-4 IL-2 IL-2 1 IL-4 IL-2 IL-2 1 IL-4 IL-2 IL-2 1 IL-4
No. cells transferred on day 2 78 75 58 56 68 60 58 51
% cells that recloned by day 5 83% 75% 95% 88% 85% 75% 88% 84%
Mean subclone size on day 5 52 6 38 38 6 32 66 6 49 43 6 40 106 6 70 86 6 69 130 6 63 106 6 54
No. subclones assayed by RT-PCR 55 (38) 54 (38) 44 (37) 44 (37) 42 (38) 44 (38) 30 (30) 30 (30)
No. b-actinyCD3«1 subclones 37 (26) 35 (26) 25 (25) 20 (18) 42 (38) 44 (38) 30 (30) 30 (30)
No. informative parent cells 20 13 38 30

Numbers in parentheses indicate the number of parent cells from which the assayed subclones were derived.

Immunology: Kelso and Groves Proc. Natl. Acad. Sci. USA 94 (1997) 8071



reproducibility was 100% for control amplifications performed in
all experiments from cDNA derived from 5 3 104 CD81 cells
activated in the presence of IL-4 (data not shown).

In total, 101 parent cells yielded b-actinyCD3«1 subclones
in both the presence and absence of IL-4 and therefore could
be used to assess whether different subclones of a single cell
displayed different cytokine profiles. Taking into account
frequencies of survival in primary culture (weighted mean
62%; Table 1), recloning of sibling pairs in both IL-2 and IL-2
1 IL-4 (69%), and PCR product detection in subclone pairs
(87%), these informative cells represented 37% of the starting
CD81 CD44low population.

Fig. 1 shows data for six families of subclones derived after one
or two divisions of the parent cell. Within each family, the
subclones differed in the cytokine combinations expressed, indi-
cating that the parent cell had not been committed to expression

of a single combination and was therefore multipotential. In total,
50% of the 101 informative parent cells were multipotential based
on expression of the representative type 2 cytokine, IL-4, and
89% were multipotential when all six cytokines were considered
(Table 2). By x2 analysis, these frequency estimates were statis-
tically independent of the number of cell divisions before transfer.
Pairwise tests of association did not detect any statistical rela-
tionship between cytokine profiles within subclone families.
Multipotentiality also was detected when granddaughters were
cultured in identical conditions (e.g., family 6 in Fig. 1): the
members of 5 of 12 pairs grown in IL-2 and 12 of 15 pairs grown
in IL-2 1 IL-4 displayed different cytokine profiles.

Effect of IL-4 on Clonal Cytokine Profiles. Fig. 2 summarizes
the cytokine profiles of all the assayed subclones derived from the
101 informative parent cells in the presence or absence of IL-4.
Whereas some subclones in both groups expressed the canonical
type 1 cytokine profile (IFN-g and IL-2 alone), none expressed
the complete type 2 profile (IL-4, IL-5, IL-6 and IL-10 alone).

FIG. 1. Paired-daughter analysis of the cytokine secretion potential of
individual CD81 T cells. Southern hybridization of RT-PCR products is
shown for six families of subclones derived from two daughters (families
1–5) or four granddaughters (family 6) cultured in the absence (2) or
presence (1) of IL-4 (from experiment 3 in Table 1).

FIG. 2. Cytokine mRNA
expression patterns displayed
by 229 subclones derived from
101 families of daughters and
granddaughters cultured in
the absence (A) or presence
(B) of IL-4. Detection of a
cytokine PCR product is indi-
cated by shading of the boxes.
Expression patterns are dis-
played from top to bottom in
the groups: no cytokines, type
1 cytokines only, type 2 cyto-
kines only, and mixed type 1
and type 2 cytokines. The
number of subclones with each
pattern is indicated at the
right. The frequency of expres-
sion of each cytokine is indi-
cated at the bottom.

Table 2. Frequencies of multipotential cells detected among
CD81 CD44low T cells

Cytokines
considered

No. divisions
before cell transfer

No. parent
cells assayed

No. multipotential
parent cells

IL-4 1 70 32 (46%)
2 31 19 (61%)

Total 101 51 (50%)
6 cytokines 1 70 60 (86%)

2 31 30 (97%)
Total 101 90 (89%)

Parent cells were defined as multipotential if two of their subclones
expressed different cytokine combinations. Frequencies were esti-
mated considering expression of IL-4 alone, or all six assayed cytokines
(IFN-g, IL-2, IL-4, IL-5, IL-6, and IL-10), and for parent cells whose
progeny were separated after either one or two divisions.
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Surprisingly, 36% of the subclones grown in IL-2 expressed one
or more of the type 2 cytokines, IL-4, IL-5, and most frequently
IL-10. Culture in IL-4 did, however, increase the frequency of
type 2 cytokine producers to 72%. This effect was most marked
for IL-4 itself (27-fold) and IL-6 (.20-fold) and more modest for
IL-5 (3.2-fold) and IL-10 (1.8-fold). These changes were accom-
panied by a minor reduction in the frequency of IFN-g producers
(P . 0.05) and a significant increase in the frequency of IL-2
producers (P , 0.05).

Almost all parent CD81 cells (98%) gave rise to one or more
subclones that expressed a type 1 cytokine (IFN-g andyor
IL-2) and the majority (77%) gave rise to one or more
subclones that expressed a type 2 cytokine. Even when IL-10
was excluded, most parent cells (62%) yielded a subclone that
produced at least one of the other type 2 cytokines.

The finding that some subclones in Fig. 2A expressed IL-4
andyor IL-5 in the absence of in vitro exposure to exogenous IL-4
raises the possibility that their parent cells had undergone com-
mitment during exposure to IL-4 in vivo. Fig. 3 shows that the
cytokine profiles of these subclones differed from those of their
siblings, arguing against precommitment of their parent cells to a
single profile. Similarly heterogeneous patterns were observed
within families of subclones that expressed IL-10 mRNA without
in vitro exposure to exogenous IL-4 (data not shown).

Multipotentiality of CD81 T Cells Assessed after Extended
Clonal Expansion. To determine whether the ability to respond
to IL-4 by synthesizing type 2 cytokines was retained with longer
clonal expansion, 12 primary clones were grown to sizes of
200–300 cells ($7 divisions) over 5 days and, in another exper-
iment, five primary clones were grown to sizes of 0.9–4.6 3 104

cells ($13–15 divisions) over 7 days without added IL-4 before
transfer of individual cells into secondary cultures with and
without IL-4. Screening for IFN-g and IL-4 expression by b-ac-
tinyCD3«1 subclones showed that 2 of the 12 parent cells in the
first experiment and 2 of the 5 parent cells (primary clones of
1.9 3 104 and 4.1 3 104 cells) in the second experiment yielded
one or more IL-4-producing subclones when grown in IL-4; no
subclones grown without exogenous IL-4 expressed this cytokine.
Eight of the subclone families from the first experiment were
assayed for expression of additional cytokines (Fig. 4). Five
families included subclones that expressed one or more type 2
cytokines in the presence of IL-4 (70% of subclones in 63% of
families); no subclones grown without IL-4 expressed these
cytokines. We conclude that some cells retained the ability to
respond to IL-4 by expressing type 2 cytokines despite prolonged
clonal expansion in IL-2 alone.

DISCUSSION
Here we show that activated CD81 T cells with different cytokine
profiles can develop from a common post-thymic precursor of

naive phenotype. The finding that most lymph node CD81 T cells
analyzed gave rise to clones expressing one or more type 2
cytokines indicates that CD81 T cells with this profile do not
comprise a minor T cell lineage distinct from conventional CD81

type 1 cytokine producers. The preference for expression of type
1 cytokines displayed by in vivo-activated CD81 T cells therefore
must reflect factors other than precommitment of their naive
precursors. We further show that some proliferating CD81 T cells
cultured in type 1-polarizing conditions for many cell divisions
retain the potential to respond to IL-4 by expressing type 2
cytokines. This property has implications for strategies that aim
to redirect established T cell cytokine responses.

The multipotentiality of naive and activated CD81 T cells
was assessed by comparing the cytokine mRNA profiles of
families of short-term subclones activated with anti-receptor
antibodies and IL-2 in the presence or absence of exogenous
IL-4. There are several features of this protocol that bear on
the interpretation of the data.

The first is the use of paired-daughter analysis, rather than
the more usual approach of dividing T cell populations into
different culture conditions. This allowed us to monitor the
fate of every parent cell and every recultured daughter cell,
enabling effects on differentiation to be distinguished from
effects on survival and proliferation and providing estimates of
the frequency of multipotential cells. Several previous studies
have examined the stability of murine and human CD41 T cell
IFN-gyIL-4 profiles under various conditions (4, 28–32) but,
because these studies were performed in bulk culture or in vivo,
it was not established whether populations or clones whose
cytokine profiles changed in different conditions developed by
differentiation from persistent multipotential cells or by se-
lective expansion of a subset of committed cells. This difficulty
previously has been noted in experiments where dramatic cell
death was observed when CD41 T cells cultured under one set
of polarizing conditions were transferred to the opposite
conditions (31). In the present study, however, because $75%
of daughters and granddaughters formed clones whether or
not IL-4 was added, and almost 50% of subclones grown in IL-2
1 IL-4 expressed IL-4 compared with only 2% of their siblings
cultured in IL-2 alone, we can conclude that most daughters
and granddaughters were also multipotential at the time of
subcloning. Similarly, in analyses of clones expanded for $7
divisions, the high recloning efficiencies of individual cells
from these clones and their IL-4 responsiveness suggest that
the IL-4-responsive cells were multipotential rather than pre-
viously committed, selectively expanded cells.

A second feature of the experimental design was the use of
anti-receptor antibodies rather than antigen-presenting cells to

FIG. 3. Cytokine mRNA expres-
sion patterns within families in which
subclones produced IL-4 andyor IL-5
in the absence of exogenous IL-4.
The cytokine profiles of the six sub-
clones from Fig. 2A that produced
IL-4 andyor IL-5 are aligned with the
profiles of their siblings grown in
either IL-2 (A) or IL-2 1 IL-4 (B).
Detection of a cytokine PCR product
is indicated by shading of the boxes.
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activate single CD81 T cells. The absence of any cell other than
the T cell enabled us to monitor cell division, identify and transfer
individual daughters, and conclude with certainty that T cells
were both the target of any stimuli and the source of the detected
mRNA. While the strength and duration of stimulation with
immobilized antibodies are probably greater than generally
achieved with antigen-presenting cells and the combination of
receptors ligated may influence the frequency at which each
cytokine is expressed, this method of stimulation does not over-
ride the potent effect of IL-4 on expression of type 2 cytokine
genes. Anti-receptor antibodies thus provided a way to activate
most normal CD81 T cells and reveal their cytokine-producing
potential in the presence and absence of IL-4.

Cytokine profiles were determined by RT-PCR 3–5 days after
subcloning. This short time-course minimized clonal attrition,
maximizing the proportion of parent cells for which paired
subclone data were obtained. On the other hand, it probably
revealed more diversity among cytokine profiles than would be
seen in long-term clones cultured in the same conditions. The
data in Fig. 4A suggest such a loss of diversity with longer clonal
expansion in IL-2 but the extent to which this reflects preferential
survival of cells with a certain phenotype is not known. The small
size of the subclones and insensitivity of protein assays for the
cytokines studied here, compared with the single-cell sensitivity
of RT-PCR, meant that cytokine profiles could not be checked at
the protein level. In other systems, however, we have observed
strong correlations between the frequencies of cytokine-

synthesizing cells or clones detected by RT-PCR and by assays for
secreted or intracellular protein in various T cell populations, and
a direct correspondence between IL-3 mRNA and protein de-
tection in single cells (refs. 24 and 25; D. R. Fitzpatrick, N.
Baumgarth, and A.K., unpublished observations).

Perhaps the most important issue for this study is whether
the observed differences between cytokine mRNA combina-
tions detected in sibling clones reflect real differences or
simply transient variations in expression patterns due to kinetic
or other variables. Two types of evidence support the former
conclusion. The first is that the patterns were markedly
affected by culture in IL-4, consistent with published results in
many different T cell activation systems. Frequencies of IL-4
and IL-6 expression in particular were increased .20-fold by
exogenous IL-4. When the analysis of multipotentiality shown
in Table 1 is limited to these two cytokines (absence of IL-4
and IL-6 mRNA in the subclone grown in IL-2 and presence
of either or both mRNAs in the subclone grown in IL-2 1
IL-4), at least 56% of parent cells were multipotential. Second,
as reviewed elsewhere (33), several laboratories have shown
that individual T cells within polarized clones and populations
can display diverse cytokine expression patterns. When the
contribution of cell-cell variation is minimized by limiting the
analysis to the largest subclone pairs ($100 cells in each
subclone), 96% of parent cells were multipotential (n 5 47),
compared with 89% for the whole group. Combining these two
factors by considering only IL-4 and IL-6 expression by these

FIG. 4. Cytokine mRNA expression patterns
within families of subclones derived after $7 cell
divisions. Primary clones were grown for 5 days with
anti-receptor antibodies and IL-2 and those of 200–
300 cells identified microscopically. Twenty individ-
ual cells from each clone were transferred into
secondary cultures, 10 with IL-2 (A) and 10 with IL-2
1 IL-4 (B). After 3 days, RNA was extracted from
the five largest subclones of each group (mean 37 6
31, range 2–130 cells) and assayed for b-actin and
cytokine mRNAs. Results are shown for all b-actin1

subclones in eight families. Detection of a cytokine
PCR product is indicated by shading of the boxes.
Subcloning efficiencies (%) for each group of 10
transferred cells are shown at the right.
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larger subclones, 81% of parent cells were multipotential. Thus
the multipotentiality of most parent CD81 T cells is apparent
even when the impact of single-cell heterogeneity is reduced
and the analysis is restricted to the cytokines whose expression
is most dependent on exogenous IL-4 and therefore unlikely to
be due to transient variations in expression.

Cells able to respond to IL-4 by expressing type 2 cytokines
persisted in a substantial proportion of clones for at least 7 or
13–15 cell divisions in IL-2. Because such clones expand expo-
nentially under the conditions used, the probability is high that
the IL-4-responsive cells also had undergone many cell divisions.
We previously have found that characteristic patterns of granu-
locyte-macrophage colony stimulating factor and IL-3 secretion
also were transmitted to clonal progeny by some, but not all, cells
subcloned from primary CD41 T cell clones of 2–16 cells (21).
Multipotentiality was detected at lower frequency in clones
assayed after $7 divisions than after 1–2 divisions in the present
study, but an extensive parallel analysis will be required to
establish whether the frequency of multipotential cells does in fact
decline with clonal expansion. Others have shown that 7-day
CD41 T cell populations induced to synthesize IFN-g without
IL-4 by culture with IL-12 could be converted to the opposite
phenotype by exposure to IL-4 (29–31), but that type 1 CD41

populations and clones ultimately can lose this ability to alter their
cytokine profiles (4, 31). On the other hand and in contrast to the
present study, Sad and Mosmann (7, 34) have reported that 6-day
populations and 12-day clones of CD81 T cells with a type 1
profile no longer synthesized IL-2 but otherwise retained their
type 1 profile when cultured in IL-4. This difference may partly
reflect the use of population splitting, rather than subcloning as
in the present study, because the dominant phenotype may
prevent expansion or detection of minority types in bulk cultures.

A surprisingly high proportion (36%) of daughters and grand-
daughters cultured in the absence of exogenous IL-4 gave rise to
subclones that expressed one or more type 2 cytokines, particu-
larly IL-10. Production of IL-10 by some CD81 T cell clones that
otherwise displayed a type 1 profile also has been observed by
others (7). It is unlikely that the type 2 cytokine producers in the
present study were all derived from cells exposed to IL-4 during
activation in vivo because parent cells were selected for small size
and low expression of the long-lasting activation marker CD44
(26, 27), and most parents of these subclones appeared multipo-
tential. We favor the alternative explanation that de novo expres-
sion of IL-4 and other type 2 cytokine genes can occur in the
absence of exogenous IL-4, either spontaneously or induced by
IL-4-independent pathways. Work is in progress to assess the
ability of various costimulatory antibodies to activate IL-4-
independent pathways of type 2 cytokine synthesis. The existence
of such pathways would bear on the current debate on the origin
of IL-4 thought to be required to initiate type 2 cytokine synthesis
by T cells in vivo (1, 2), and is suggested by reports that T cells
from IL-42y2 and Stat62y2 mice synthesized measurable
levels of some type 2 cytokines (35–37), and that naive murine and
human CD41 T cells produced IL-4 when repeatedly stimulated
without exogenous IL-4 (38, 39) or immunized after transfer into
irradiated IL-4-deficient mice (40). Further work will be needed
to determine whether the expression of IL-5 and IL-10 detected
in IL-4-negative subclones grown without exogenous IL-4 de-
pended on endogenous, perhaps transient, IL-4 production.
Importantly, we have not detected transient IL-4 synthesis either
in bulk cultures (20) or during early clonal expansion in the
absence of exogenous IL-4; in fact, IL-4 and all the other
cytokines measured here were detected more frequently in larger
clones and at later time points over the 7-day time frame of these
experiments (unpublished observations).

Culture in IL-4 markedly increased the frequencies of IL-4,
IL-6 and, to a lesser extent, IL-2, IL-5 and IL-10 expression
among the subclones. Unexpectedly in view of earlier studies (6,

8), the frequency of IFN-g producers was not significantly
reduced in the presence of IL-4. This may reflect the short
duration of exposure to IL-4 or insufficient cell densities to
achieve inhibitory concentrations of crossregulatory cytokines. It
is also possible that subclones grown in IL-4 synthesized less
IFN-g than those grown without IL-4 because the RT-PCR
method measured whether or not subclones contained detectable
cytokine mRNA but did not quantify the amount per subclone.

In conclusion, peripheral CD81 T cells apparently have as
many choices in their expression of cytokine genes as their CD41

counterparts. While many class I-dependent immune responses
favor type 1 cytokine expression in CD81 cells, the potential
diversity of their cytokine profiles and the fact that CD81 type 2
cytokine producers are sometimes found under physiological
conditions suggest that the immunoregulatory roles of CD81 T
cells might also be as diverse as those of CD41 T cells.
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